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Abstract:
Water problems throughout the world can be seen as an issue of management, not a crisis
of water shortage. Equitable allocation of groundwater resources is a growing challenge
due to the increasing demand for water and the competing values placed on its use.
Sustainable management of water resources comes with compromises and trade-offs of the
other sub-systems (environment, economic and social) and almost ignores other
stakeholders’ objectives and benefits. The aim of this paper is to present and discuss the
hypothesis that “through multi-agency framework with supporting tools, such as a decision
support system (DSS), a comprehensive framework can promote optimal, sustainable and
equitable development and use of water resources for present and future generations.” Our
framework has been successfully demonstrated in a case study at the Gnangara Mound
groundwater system in Western Australia which showed what can be achieved with
supporting DSS tools to facilitate and support the multi-agency framework and trade-offs
analysis. DSS methods for assessing and planning the future are necessary to maintain the
reliability and sustainability of water resource management in the long term. In addition, a
DSS would assist the process of communicating the results with stakeholders, government
and the community.
Keywords: Sustainable management, trade-off analysis, multi-agency management, land
use, integrated assessment, DSS
1.

INTRODUCTION

A major challenge is to anticipate future water demands and supplies in a drying climate to
accommodate the needs. In Australia, this challenge is very clear in Perth-Western
Australia- Australia’s most rapidly growing city as the urban area extends onto the recharge
area of the unconfined aquifer. The solution of sustainable water management problems is
no longer seen as the exclusive responsibility of government. Rather, quasi-government
organisations, the business community, civic organisations and citizens are demanding a
greater voice in resource planning (e.g. Driessen and Glasbergen [2002]). Emergent forms
of direct participation (e.g. interactive governance–participatory approach) by interested
stakeholders in processes of collective decision-making are reducing the distance between
government and their citizens. The participatory approach raises awareness of the
importance of water among policymakers and the general public. Many studies have
demonstrated how a participatory approach helps to develop the process of integrated water
resource models (Giupponi et al. [2006], K’akumu [2008], Andreu et al.[2009], Frisvold
and Caswell [2000]).
The hypothesis presented and discussed in this paper is ‘that through multi-agency
approach, a comprehensive framework can promote optimal, sustainable and equitable
development and use of water resources for present and future generations could be
guaranteed, with supporting tools such as a decision support system (DSS).’ To better
understand the proposed approach, we present a case study that demonstrates
implementation of the proposed framework. The case study site is the Gnangara Mound
groundwater system, the most valuable and largest single source of water in Western
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Australia (WA). Land use changes, climate change and many other factors have resulted in
extreme recharge and discharge changes in the Gnangara Mound groundwater system, and
the situation is no longer economically or socio-economically feasible. Raising awareness
of sustainable groundwater is a crucial step (Elmahdi et al. [2006a]). Sustainability has
become a major driving force for better water management systems (Elmahdi et al.
[2006b]). Besides, current and future users need to be aware of and understand water
system problems. Also, many private and public agencies and organisations question
intensive management methods (many agencies involved) while they are using individual
interest management methods (single agency/government department decision) (Dieme et
al. [2002]). A history of using single agency decision-making approaches has resulted in
imbalanced triple bottom line outcomes (environmental, economic and social). This has
affected policy, legislation, production methods and costs, and marketability of products
(Dieme et al. [2002]).
Sustainable water management is necessary to match all stakeholders/agencies’ interests
and profits. Thus, the main aim is to introduce and discuss the implementation of a multiagency approach with DSS tool support and how it is critical for sustainable groundwater
management processes, which we will demonstrate with a case study of the Gnangara
Sustainability Strategy (GSS) project in WA.
2.

CASE STUDY: GNANGARA MOUND GROUNDWATER SYSTEM

The Gnangara Sustainability Strategy (GSS) is a cross-government initiative working on an
action plan for sustainable use of water and protection of the environment. Seven
government agencies have joined forces to form a taskforce group (TFG) to implement the
GSS. The aim of the GSS is to ensure there is sufficient groundwater in the Gnangara
Mound for drinking and commercial use, and to protect the environment — now and in the
future. The Gnangara Mound is a large unconfined surface aquifer, supplies about 60% of
Perth’s potable water supply (pop. 1.5 million), Australia’s most rapidly growing city
(2.7% growth rate) and provides more than 85% of all water demand (e.g. irrigation of
parks and gardens, industry and peri-urban horticulture).This groundwater system extends
under the Swan Coastal Plain for approximately 2200 km2 north of the Swan River (Figure
1). Land use in the north is dominated by state-owned pine forests and natural bushland.
South of the mound, the land is mainly urbanised with horticulture prominent.

Figure 1. Gnangara Mound area and common land use type
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2.1

Water resource management issues

Pressure on the mound is reaching critical levels and extraction is exceeding recharge rates
with a consequent decrease in the groundwater levels and in many locations the watertable
is very close to the surface (due to the combined effects of low rainfall, reduced recharge,
pine maturation, land use changes and increasing abstract). As a result, many of the area’s
significant environmental features are dependent on accessing the watertable for their
survival. Water levels are being impacted by climate change (Xu [2008]), and this is
expected to become more severe (e.g. downscaling of general circulation models as
predicted by CSIRO [2008]). In the last 30 years rainfall declined by 9% below the longterm average, in the last 10 years the rainfall declined by 12% and in the last 6 years the
rainfall declined by 15% Figure 2. Demand for water is increasing rapidly as the state
develops and Perth’s population increases.
Annual rainfall: 1905-2007
Long-term average: 1905-2007 (807 mm)
Average: Post 1976 (733 mm)
Average: Post 1997 (707 mm)
Average: Post 2001 (683 mm)
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The Gnangara groundwater system is very complex and interconnected, posing significant
challenges in managing it sustainably, taking into account the triple bottom line measures.
The ecological and socio-economic values of the Gnangara Mound have been resilient but
there are clear risks in important groundwater areas. In general, government conditions for
water levels to protect ecological values (i.e. WA’s Environmental Protection Act 1986)
need to be met at all sites along the mound, and according to Department of Environment
[2004], many sites are not meeting those conditions. This makes a ‘one solution fits all’
strategy impossible given the interdependence of the components, a more considered and
process informed strategy is much more likely to be successful.
The triple bottom line values need to be better understood and maintained for present and
future generations, which requires a tailored systematic approach. This decline in water
level is also diminishing irrigation water volume capacity and increasing pumping cost,
threatening public water supply, amenity/welfare losses, job losses which in turn impacts
the economic and social values (e.g. levels of employment) (Tapsuwan et al. [2008]). These
lead to several actions or policies (land or water use option) being developed or
implemented by different single government agencies to improve management of the
Gnangara Mound. All of these actions can improve the sustainability of the GSS in the
short term but several challenges emerge while planning for longer-term options. Most land
and water use options generate trade-offs between economic, ecological and social
services. Therefore, for longer-term sustainable management of the Gnangara Mound
groundwater system, these actions and policies need to be aligned under one common
objective by applying an integrated multi-agency approach that includes alternative
sustainable physical management and evaluation frameworks.
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3.

MULTI-AGENCY FRAMEWORK

Given the complexity and often contentious nature of resource allocation, success requires
a process for the inclusive and transparent sharing of ideas complemented by tools to
structure, quantify and visualise the collective understanding and data, providing an
informed basis of dialogue, exploration and decision-making (Tidwell and Brink [2008],
Cockerill et al. [2007]). The need for an integrated multi-agency approach is a logical
approach or way forward to achieve sustainable groundwater management for longer-term
planning. The potential advantage of the multi-agency framework over single-agency
options is that it can avoid or minimise any obstacles or any factors that reduce the ability
of a participating agency achieving its objectives. For example, proposed land use options
after removal of pine plantations that can achieve positive economic objectives or outcomes
could result in critical ecological outcomes and deteriorated water quality.
Future objectives and actions should be addressed by many agencies to reach a reasonable
agreement through each step of the multi-agency framework. A multi-agency approach and
its framework have to be viewed as integral parts of land and water management planning
processes. An integrated multi-agency approach for sustainable groundwater management
requires a new framework and new tools for analysis and planning. The framework for a
multi-agency approach to land and water management of the Gnangara Mound
groundwater system is shown in Figure 3.

Figure 3. A multi-agency framework developed for the Gnangara Mound groundwater
management system, 2008
It has eight sequential steps that occur over two phases: the communication and problem
statement phase, and the evaluation and recommendations phase. The communication and
problem statement phase (phase 1) is where communication starts among stakeholders to
articulate the problem and its main issues. This helps to develop a single, integrated
objective and to define a set of proposed scenarios. In the evaluation and recommendations
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phase (phase 2), a common objective is proposed either as part of an existing development
plan or as a ‘next step’ following problem analysis for evaluation, and its impact
assessment is communicated with the community and government agencies. The eight steps
that define the process of the framework are as follows:
Step 1: Develop a communication plan to facilitate communication and dialogue between
all stakeholders and get them all together on one table. This also involves the modelling
and database people.
Step 2: Run several workshops to define the study area and its boundary, the problem
statement and its main issues from the different perspectives held by different stakeholders.
Describe the boundary conditions and scale for reporting, and the entry and exit points of
water flow. Also at this step, analyse problems and opportunities of related water
management options.
Step 3: Through cross-agency dialogue, define a common objective or cross-agency
option/objective to improve land and water use and plan for sustainable system
management.
Step 4: In consultation with policy and management experts and all stakeholders, define a
list of scenarios or options for better land use and groundwater resource management.
Scenarios or options (goods and services) can be implemented, preferably in a way that
does not jeopardise the future potential of these options (i.e. environmental sustainability).
This step feeds into modelling and developing the main database.
Step 5: As each option can benefit and affect one or more groups of stakeholders, clarify
each agency’s role and set a timeframe for each option with clear sharing and exchanging
of information between agencies. This step can help to build a complete and integrated
database that will feed into the decision support system (DSS) or modelling tool.
Step 6: Evaluate each listed scenario or option in terms of its economic, social and
environmental values/indicators such as total agricultural revenue, water opportunity cost
per land use type, revenue per land use type, wetlands recreation values and augmentation
cost, value per megalitre per user, groundwater level, etc. This step involves modelling
(i.e. developing a dynamic DSS), including scenario analysis, sensitivity analysis,
evaluation (using multi-criteria analysis) and better estimation of the trade-offs.
Step 7: Deliver and communicate the preliminary outcomes of the analysis to the
community. Organise several workshops to engage the community and communicate the
outcomes from step 6 (evaluation of proposed scenarios or options) with clear discussion of
the trade-offs.
Step 8: Describe institutional gaps and needs to inform policymakers or high-level
government. Based on the proposed options, feedback from the community and
institutional requirements, define recommendations for effective implementation. These
requirements and community feedback will identify gaps in the existing institutional
arrangements and implementation mechanism. Also in this step, communicate the
recommendations to governments and decision-makers.
This multi-agency framework provides a tool to identify the needs from a stakeholder
perspective. It can also be used to identify the institutional gaps and the arrangements
necessary to address the issues pertaining to integrated sustainable groundwater resources
management.
4.

THE NEED FOR A DSS

In the Gnangara Mound case study, application of the eight steps of the Integrated Multiagency framework (Elmahdi and McFarlane [2009]) clearly demonstrated the need for a
DSS tool to facilitate the process and to communicate the analysis with the community,
researchers, stakeholders and water managers. There is a clear trade-off between the three
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systems (environmental, social, economical), so they must be considered as sub-systems.
Any maximisations or minimisations of a sub-system objective that does not consider the
impacts on the others — although it may appear viable and worthwhile in the limited
perspective in which it is considered — may severely damage the overall system (which
has been taking place so far).
In order to comply with the multi-agency framework, there is a need to pull together a
structured but easy-to-understand platform (i.e. DSS) that addresses different key aspects,
such as hydrological, hydraulic, environmental, socio-economic, finance-economic,
institutional-legislative and political-strategic factors. This necessitates simultaneous
accounting of many different and non-commensurable pieces of information. It is hugely
difficult to perform this without a suitable computer-based tool. The simulation paradigm is
now considered to be the best approach because simulation models can be more
representative of reality and many of the decision variables are not under full control of the
stakeholders. If the optimisation paradigm can be used, decisions would be assumed on
behalf of other stakeholders. Therefore, optimisation will lead to isolation of the other
stakeholders in the water resources planning process, rather than their involvement.
Furthermore, dynamic simulation is much more transparent compared to optimisation
techniques, which allows the user to understand the interaction and relationships among the
different variables, especially the variables related to people. Apart from the difficulty of
merging data and pieces of information of a diverse nature (often qualitative and
incomplete) two other reasons prevail. The first is the need to comply with vast numbers of
rules and regulations that are related to water resources planning and management but often
are not provided in an integrated, harmonised and rational framework. The second reason is
the increasing claim for community participation in decision-making processes. In
summary, our view is that the most fruitful approach is to use computer-based tools (DSS)
to predict and assess the effects of any actions by performing an integrated analysis of
environmental and socio-economic aspects. This forecasting exercise may rely on a broad
set of tools ranging from expert systems, expert-based value functions and empirical
equations to complex mathematical models. All or most of these tools can be integrated
into one computer-based tool to facilitate and support the multi-agency framework and
trade-offs analysis. In addition, the DSS assists the process of communicating the results
with stakeholders, government and the community (Zaman et al [2009], and Elmahdi and
McFarlane [2009]).
4.1

DSS Criteria

DSS criteria developed and recommended by the task force group which can be considered
as general criteria for DSS in land and water management and planning processes. Theses
criteria consider the DSS potential use, development and future update. These criteria are
summarized as follows:
1. The DSS should be able to assess land and water management options to provide
quantitative assessment (with acceptable technical level)
2. It should be able to address several scenarios (climate, land uses, land management,
water allocations)
3. It should be able to incorporate available economic, social and environmental data
and values
4. It should be able to communicate scenarios (climatic/water and land) to managers
and informed community members
5. It should be able to include spatially distributed information (but not dynamically
linked to GIS at this stage) and not highly lumped
6. It should be able to incorporate other credited and available models such as PRAMS
(regional groundwater model) / Local Area Model groundwater data but not be
dynamically linked (at this stage)
7. It should be able to assess different scenarios using different time horizon (2110,
2020, 2030 and 2060) with more precision for 2005 to 2030 likely
8. It should be able to include Monthly time-step (to align with climate, PRAMS,
groundwater monitoring, seasonal water use)
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9.

it should be structurally able to be adapted to incorporate more detail as required for
specific areas/sub-area/ landuse as it becomes available
10. It should be well documented and clear so that it can be used and modified by many
people for building capacity (i.e. not dependent on a single user)
4.1

DSS concept and design

Given the complexity and often contentious nature of resource allocation, success requires
a process for the inclusive and transparent sharing of ideas complemented by tools to
structure, quantify and visualise the collective understanding and data, providing an
informed basis of dialogue, exploration and decision-making (Tidwell and Brink [2008],
Cockerill et al. [2007]). The need for an integrated multi-agency approach using a DSS is a
logical approach to achieve sustainable groundwater management for longer-term planning
(Elmahdi and McFarlane, [2009]). By utilising and integrating the expertise of multiple
WA state agencies, we can develop and apply a DSS that integrates most of the available
information. Without this integration, there is potential for greater conflict between
agencies’ objectives and actions. The future analysis methodology or process used in this
study is shown in Figure 4.The key focus of the Gnangara DSS is on the implementation of
key identified actions by stakeholders in terms of landuse changes, water allocation and
establishing groundwater dependent ecosystem requirements. To be successful it will
require significant data and intellectual input from other projects under the GSS so that
adaptive management options can be evaluated. The framework of the DSS and its linkage
to other database and models such as PRAMS (regional groundwater model), LAM (local
area model), VFM (Vertical flux model), and scenario development is shown in Figure 5.
The boundary and the scale of the DSS have been determined by the task force group.

Figure 4. Conceptual approach (adopted from Conner et al 2009)
A total of 29 sub-areas are modelled under six geographical zones. Each sub-area is
modelled by the main interconnected six modules that lead to the quantitative indicators
(environment, economic and social) values based on the land use type (see Figure 6). These
six modules are tried to represent and mimic the most interdependencies between land use
and system components (see Figure 7). There are several feedbacks built in the DSS to
reflect from small scale/resolution to large? scale. All these scales can be tested with
different climate condition and other land use scenarios. The developed GSS-DSS is used
by TFG to readily set up scenarios in the DSS and analyse their impacts on Gnangara
groundwater system and its values. This can be done by simple control screens; the user
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can change the DSS assumptions, constants, and policy objectives. Also, the user can run
simulation or even scenarios with different time horizons and can do detailed analyses of
the results. It can compare several scenarios, view the cause and use tree of each variable,
and view results as figures or tables, and perform statistical analyses.

Figure 5. Conceptual DSS linkage
Groundwater
system
6 Zones
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Zone 2 Zone 3

Zone 4

Feedback C
Climate
condition

Zone 6

Zone 5
29 Sub-areas

Time
(Monthly)

Groundwater management
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Groundwater management
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Scenarios (change land
and water use)

Groundwater management
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Land use type
Land use
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Land use
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Land use
C

Feedback B

Land use
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Environment/
Ecology

Social

Feedback A

Water use

Evaluation

Indicators
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Figure 6. Conceptual design of the DSS
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Figure 7. Six main modules linkage
5.

DSS SCENARIO AND RESULTS

In order to design the Gnangara Sustainability Strategy (GSS), several land and water use
scenarios have been evaluated in terms of their long term economic, ecological and social
impacts. Given the logistical limitations of optimizing over discrete and spatially disparate
land and water use options and the challenging task of comparing quantifiable and unquantifiable benefits across diverse groups; this study identifies seven scenarios that are
most likely to reside. Finally, a Mixed use Post-Pine scenario is also considered that
highlights the possibility of maximizing returns through judiciously selecting land and
water use options away from these boundaries. The seven scenarios involve business as
usual (BAU), injected recycled water (60GL by 2012 and 80Gl by 2030), reduce
abstraction (desalination by 2012) and increase efficiency (by 20%), GSS recommended
scenario ( less horticultural area), using 30 year average rainfall (1976-2006), maximizing
food security and zero abstraction for public water supply (PWS) by 2013 respectively.
The variables considered for the evaluation are the Benefits of the Gnangara Ground Water
System (GGS) water plus a number of environmental, economic and social indicators.
Figure 8, presents the groundwater depths (that were generated by the DST) under different
scenarios. The water tables shown in Figure 8, are based upon an overall average of the
sub-area water levels and caution must be exercised in their interpretation. Due to the high
levels of disparity that exists in water tables across sub-areas on the GGS it is possible that
certain areas may not show significant improvements in the water table despite the average
for the whole of the system improving. If the objective is to improve water tables for
certain ecological users of the GGS, such as GDEs or the wetlands, then it may be possible
to attain better impacts by targeting site-specific water level.
It was evident in the analysis of results that maintaining a "business as usual" approach to
land and water uses on the GGS from now until 2031 would lead to a continuous decline in
the groundwater level. Certain parts of the GGS were predicted to show a decline of more
than 7 to 8 meters and consequent losses in property values would amount to more than one
billion dollars due to the drying of wetlands. Much of this decline is due to the drier climate
that is currently being experienced and this is common to all scenarios. However, society
does gain significant cost savings (of nearly $6 billion) from continuing abstraction for the
PWS instead of having to augment supplies with new and costlier sources, such as
desalination, as shown in the zero abstraction scenario. Despite the potential cost savings,
continuing on 'as usual' could lead to environmental irreversibilities such as the drying of
all wetlands, extinction of GDEs and salt water intrusion, which could cause much higher
economic losses in the future that could not be offset by cost savings to the PWS.
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Figure 8. Groundwater depths
The key messages of the results and analysis of the other scenarios are:
1. The GSS recommended scenario improves the land uses in the post-pine areas by
planting more bush corridors to enhance biodiversity; reduces PWS and bore
abstraction; and significantly reduces horticultural uses of the GGS water. This
leads to a net marginal improvement in the water table and gains to the
environment through bush corridors.
2. the GSS recommended scenario does not help avoid the losses in wetlands as most
of the suggested land and water use changes are not specifically targeted to
positively influence the water table around wetlands.

5.

3.

If the 1976-2006 rainfall pattern were to repeat in the future, the sub-area water
tables would improve all across the GGS. The average water table would fare
much better than in the BAU and the GSS recommended scenarios. However,
climate projections up to 2030 suggest that the magnitude of the projected rainfall
changes in the south western part of WA is between -2 and -20 percent than that
of 1960-1990 and increasing later in the century (Bates et al. 2008). This
highlights the urgent need to move away from current land and water use practices
if society is concerned about the sustainability of the GGS under an even more
severe climate regime.

4.

The increased allocation to commercial/industrial and urban (residential) land use
are projected to generate additional employment of nearly 100,000 jobs by 2030,
of which 27,000 is generated through urban (residential) and 71, 000 through
commercial/industrial land uses.

5.

Drastic measures, such as zero abstraction by all Gnangara water users, need not
be taken as they are excessively costly to society ($11.5 billion of negative NPV
for zero abstraction, $10 billion costlier than the BAU scenario), despite a
significant rise projected in the water table over time. It is possible to reduce
abstraction through a combination of low cost options and prevent excessive
societal costs from zero abstraction.
Conclusion

By utilising and integrating the expertise of multiple state agencies, we can develop and
apply a potential sustainability framework. Without this integration or multi-agency
planning dialogue (Elmahdi and McFarlane [2009]), there is potential for greater conflict
between agencies’ objectives and actions. With MAF and DSS, allow thorough
understanding of the triple bottom line Impacts and ease the selection of preferred options
because of its trade-offs and outcomes are understood. In addition, the DSS has a number
of other benefits as follow:
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•

DSS would assist the process of communicating the results with stakeholders,
government and the community.

•

DSS methods for assessing and planning the future are necessary to maintain the
reliability and sustainability of water resource management in the long term.

However, we need to consider some of the main issues with any tools and /or DSS:
1.
2.
3.
4.
5.
6.

Sometimes, the tools require a level of expertise or knowledge that users do
not possess. For example, they may be comfortable dealing with technical
information, but uncomfortable with socio-economic information.
The tools should be flexible for different people to use them in ways that suit
them and meet their need.
The tools should be simplified to the end user to reduce the complexity.
The tools should be free of bugs. It doesn't take much of a bug for potential
users to lose confidence.
The tools should be well documented with adequate help facilities and not just
rely on one technical person.
At the end, the tools should be developed with adequate consultation and
collaboration with intended users.
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